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WKH EDVHPDWHULDOZKHQ WKH FRDWHG FRPSRQHQWZRUNV XQGHU F\FOLF ORDGLQJ FRQGLWLRQV>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LPSURYLQJ WKHIDWLJXHEHKDYLRXUEXW WR LQFUHDVH WKHDGKHVLRQEHWZHHQ WKHPHWDOOLFVXEVWUDWHDQG WKHFRDWLQJRU WR
HQKDQFHWKHZHDUUHVLVWDQFHRIWKHWRROV,WLVZHOONQRZQWKDWDWUHDWPHQWRIPLFUREODVWLQJFDUULHGRXWRQFDUELGH
FXWWLQJWRROVEHIRUHWKHFRDWLQJGHSRVLWLRQLQFUHDVHVWKHKDUGQHVVDQGWKHFRPSUHVVLYHUHVLGXDOVWUHVVDWWKHVXUIDFH
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,QWKLVZRUNWKHIDWLJXHUHVLVWDQFHRIDWRROVWHHOFRDWHGZLWKD&U1PRQROD\HUFRDWLQJZDVVWXGLHG7KHFRDWLQJ
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,QWKHSUHVHQWSDSHUWKHIDWLJXHUHVLVWDQFHZDVLQYHVWLJDWHGDVZHOODVWKHHIIHFWRIDILQDOPLFUREODVWLQJRQWKH
FRDWHGVXUIDFH
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$OOWKHJURXSVRIVDPSOHVZHUHWHVWHGE\URWDWLQJEHQGLQJIDWLJXHWHVWVIROORZLQJWKH6WDLU&DVH0HWKRGGHILQHG
LQ81,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WKHFRDWHGVXUIDFHZHUHDVVHVVHGDQGWKHQXFOHDWLRQSRLQWVRIIDWLJXHIUDFWXUHZHUHVWXGLHG

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2.1. Roughness measurements 
7DEOHVXPPDUL]HVWKH5DDQG5]UHVXOWV,QRUGHUWRREWDLQDVWDWLVWLFDOGLVSHUVLRQRIWKHUHVXOWVHDFKGDWDLVWKH
DYHUDJHRIDWOHDVWPHDVXUHPHQWVREWDLQHGRQDPLQLPXPRIWZRVDPSOHVIRUHDFKH[DPLQHGVHW
  7DEOH5RXJKQHVVPHDVXUHPHQWVUHVXOWV

 5D>P@ 5]>P@
%DUHVWHHO  
&$(  
&$(0%  

7KH GHSRVLWLRQ RI D FRDWLQJE\&$( WHFKQLTXHGRHV QRW DIIHFW WKH URXJKQHVV RI WKH VXEVWUDWHZKHUHDVPLFUR
EODVWLQJWUHDWPHQWPDNHVLWDOLWWOHZRUVHERWKLQWHUPVRI5DDQG5]

2.2. Residual stress measurements 
7KHUHVXOWVRI WKHH[SHULPHQWDO UHVLGXDO VWUHVVPHDVXUHPHQWVDUH UHSRUWHG LQ7DEOH$OOH[DPLQHGFRQGLWLRQV
VKRZDQRWQHJOLJLEOHFRPSUHVVLRQDW WKH LQWHUIDFHZLWK WKH VXEVWUDWH7KHSUHVHQFHRIDFRPSUHVVLRQVWDWH LQ WKH
VXEVWUDWHEHIRUHWKHGHSRVLWLRQKDVWREHDVVRFLDWHGWRWKHSURGXFWLRQSURFHVVRIWKHVDPSOHVVXEMHFWHGWRTXHQFKLQJ
DQG WHPSHULQJ DQG WKHQ WR FXWWLQJRSHUDWLRQV XQWLO WKH ILQDO SROLVKLQJ VWHS%HLQJ WKH VWURQJ FRPSUHVVLRQ LQ WKH
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&U139'FRDWLQJIURP*3DWR*3DDW\SLFDOIHDWXUHRI39'WHFKQLTXH>@DQGVLQFHLWZDVIRXQGWKDWWKH
PLFUREODVWLQJWUHDWPHQWGRHVQRWFKDQJHWKHVWUHVVVWDWHRIWKHFRDWLQJ>@SDUWLFXODUDWWHQWLRQZDVGHYRWHGWRWKH
VWUHVVILHOGFKDUDFWHUL]LQJWKHVXEVWUDWH,WZDVIRXQGWKDWWKH&$(WHFKQLTXHOHDYHVDOPRVWXQDOWHUHGWKHLQLWLDOYDOXH
RI FRPSUHVVLRQ RI WKH EDUH VWHHO DQG WKDW WKH WUHDWPHQW RI PLFUREODVWLQJ DOWKRXJK LW LV SHUIRUPHG RQO\ RQ WKH
FRDWLQJDQGZLWKDQDSSOLHGSUHVVXUHWKDWGRHVQRWFDXVHFUDFNLQJLQWKHFRDWLQJLQFUHDVHVWKHFRPSUHVVLRQLQWKH
VXEVWUDWH
   7DEOH5HVLGXDOVWUHVVUHVXOWV

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2.3. Nanoindentation  testing results 
7KHUHVXOWVRIWKHQDQRLQGHQWDWLRQWHVWLQJDUHVXPPDUL]HGLQ7DEOH
7KH&U1FRDWLQJGHSRVHGXVLQJWKH&$(WHFKQLTXHOHDGVWRDVWLIIQHVVRIDERXW*3DDQGDKDUGQHVVRIDERXW
+97KHVHGDWDUHPDLQVWDEOHHYHQDIWHUWKHPLFUREODVWLQJWUHDWPHQWGXHWRWKHORZPLFUREODVWLQJSUHVVXUH
ZKLFKLVQRWDEOHWRLQGXFHDVLJQLILFDQWHIIHFWRQWKH&U1FRDWLQJ>@
   7DEOH1DQRLQGHQWDWLRQUHVXOWV
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2.4. Scratch tests results 
,Q7DEOHDFRPSDULVRQEHWZHHQWKHORDGWKDWLQGXFHVWKHILUVWGDPDJHLQWKHFRDWLQJ/&DQGWKHRQHFDXVLQJ
WKH WRWDO GHWDFKPHQWRI WKH&U1FRDWLQJ DUHSUHVHQWHG7KHPLFUREODVWLQJ WUHDWPHQWGRHVQRW DIIHFW WKHREWDLQHG
UHVXOWVFRQWUDULO\WRWKHH[SHFWDWLRQ,QIDFWWKHPDLQXVHRIPLFUREODVWLQJLQWKHLQGXVWULDOSURGXFWLRQRIWKLQ39'
FRDWLQJVLVDLPHGDWLQFUHDVLQJWKHDGKHVLRQEHWZHHQWKHVXEVWUDWHDQGWKHFRDWLQJ
   7DEOH6FUDWFKWHVWUHVXOWV
&ULWLFDOORDG>1@ /& /&
&$(  
&$(0%  
2.5. SEM analyses 
)LJXUHVKRZVWKHVXUIDFHVRIWKHFRDWHGVDPSOHVEHIRUHDQGDIWHUWKHPLFUREODVWLQJWUHDWPHQW
7KH VXUIDFH RI WKH FRDWHG VDPSOHV ERWK DV GHSRVHG DQG DIWHU PLFUREODVWLQJ VKRZV D TXLWH KRPRJHQHRXV
GLVWULEXWLRQRIFKURPLXPPHWDOOLFGURSOHWVDQGVHYHUDOKHPLVSKHULFDOFDYLWLHVRIVL]HUDQJLQJIURPRQHPLFURPHWHU
WR WHQV PLFURPHWHUV 7KH REVHUYDWLRQ RI WKH VDPSOH VXUIDFHV DIWHU PLFUREODVWLQJ SUHVHQWV D ORZHU DPRXQW RI
GURSOHWVWKDQWKHDVGHSRVLWHGFRQGLWLRQ&RQVHTXHQWO\WKHVXUIDFHLVFKDUDFWHUL]HGE\WKHSUHVHQFHRIFDYLWLHVGXH
158   C. Petrogalli et al. /  Procedia Engineering  109 ( 2015 )  154 – 161 
WR WKHUHPRYDORI ODUJHGURSOHWVHPHUJLQJIURPWKHVXUIDFH&RQVHTXHQWO\DVOLJKWO\ LQFUHDVHLQURXJKQHVVFDQEH
UHSRUWHGHVSHFLDOO\LQWHUPVRI5]
7KHFURVVVHFWLRQRIWKHVDPSOHV)LJVKRZVWKHDEVHQFHRIPLFURYRLGVRUSUHFLSLWDWHGSDUWLFOHVLQWKHFRDWLQJ
WKLFNQHVV
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)LJ6HFWLRQRI&$(H[DPSOHRIDGURSOHWORFDWHGQH[WWRWKHVXUIDFH
2.6. Fatigue tests results 
5RWDWLQJEHQGLQJIDWLJXHWHVWVZHUHFDUULHGRXWLQDLUDWURRPWHPSHUDWXUHRQWKHEDUHVWHHOPDWHULDODVZHOODV
RQFRDWHGVDPSOHVZLWKDQGZLWKRXWPLFUREODVWLQJWUHDWPHQW7KHIDWLJXHWHVWVZHUHVHWWRUXQXSWRîF\FOHVLQ
VRPH FDVHV WKH IUDFWXUH RFFXUUHGEHIRUH WKH HQGRI WKH WHVW )DWLJXH OLPLWV REWDLQHG IURP WKH WHVWHG VDPSOHV DUH
VXPPDUL]HGLQ7DEOH
$VDOUHDG\IRXQGLQWKHOLWHUDWXUH>@WKHSUHVHQFHRID39'FRDWLQJLQFUHDVHVWKHIDWLJXHOLPLWRIWKHEDVH
PDWHULDO PDLQO\ IRU WKH SUHVHQFH RI D KLJK OHYHO RI UHVLGXDO FRPSUHVVLYH VWUHVV DIIHFWLQJ WKH FRDWLQJV WKDW
SURJUHVVLYHO\UHGXFHVLWVYDOXHWRDORZWHQVLOHVWUHVVDWWKHLQWHUIDFHZLWKWKHEXONVWHHO
6SHFWUXP 1 &U
  
  
)LJ&RDWHGVXUIDFHVD&$(0%E&$(('6DQDO\VLV$OOUHVXOWVLQZHLJKW
D E

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,QWKHSUHVHQWZRUNLWZDVDOVRIRXQGWKDWDPLFUREODVWLQJWUHDWPHQWLQFUHDVHVWKHIDWLJXHOLPLWE\DIXUWKHU
ZLWK UHVSHFW WR WKH DVGHSRVHG FRDWLQJ DQG UHGXFHV RI DQ RUGHU RIPDJQLWXGH WKH UHVXOWV GLVSHUVLRQ7KH IUDFWXUH
VXUIDFHVZHUHDOVRDQDO\]HGE\PHDQVRI6(0LQRUGHUWREHWWHULQYHVWLJDWHWKHQXFOHDWLRQSRLQW)RUDOOWKHIUDFWXUHG
VSHFLPHQVWKHIDWLJXHFUDFNQXFOHDWHGDWDODUJHQRQPHWDOOLFLQFOXVLRQRUDWDFOXVWHURILQFOXVLRQVORFDWHGLQVLGHWKH
VWHHOQHDUWKHFRDWLQJVXEVWUDWHLQWHUIDFH)LJV
7DEOH)DWLJXHWHVWVUHVXOWV
 %DUHVWHHO &$( &$(0%
)DWLJXH/LPLW>03D@   




6SHFWUXP 2 0J $O 6L 6 &D &U 0Q )H 1L
          
          
          

)LJ)UDFWXUHVXUIDFHV&$(3 03D('6DQDO\VLV$OOUHVXOWVLQZHLJKW
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6SHFWUXP 2 0J $O &D &U )H
      
      
      
)LJ)UDFWXUHVXUIDFHV&$(0%3 03D('6DQDO\VLV$OOUHVXOWVLQZHLJKW

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
7KHLQFOXVLRQVIRXQGZHUHPDLQO\PL[HGR[LGHVRIFDOFLXPDOXPLQXPDQGPDJQHVLXP&RPSDULQJQRQPHWDOOLF
LQFOXVLRQVVLPLODUIRUFKHPLFDOFRPSRVLWLRQDQGQRWWRRGLIIHUHQWLQVKDSHDQGVL]HVRPHFRQVLGHUDWLRQVFDQEHGRQH
IRUFRDWHGVDPSOHVUHJDUGLQJWKHSRVLWLRQRIWKHIDWLJXHQXFOHDWLRQFUDFNV
)LJXUHUHSRUWVDVDQH[DPSOHWKHVSHFLPHQZLWKRXWWUHDWPHQWRIPLFUREODVWLQJZKHUHDFUDFNQXFOHDWHGIURPDQ
LQFOXVLRQORFDWHGDWPIURPWKHLQWHUIDFHIRUDQDSSOLHGVWUHVVRI03D,QILJXUHWKHVSHFLPHQVXEMHFWHGWR
PLFUREODVWLQJWUHDWPHQWFDQEHREVHUYHGFKDUDFWHUL]HGE\DFUDFNVWDUWLQJIURPDQLQFOXVLRQORFDWHGDWPIURP
WKHLQWHUIDFHIRUDQDSSOLHGVWUHVVRI03D
7KHVHUHVXOWVFDQEHLQWHUSUHWHGFRQVLGHULQJWKHJUDGLHQWRIWKHUHVLGXDOVWUHVVHVWKDWVWDUWLQJDWYDOXHVWKDWIRUD
&U139'FRDWHGVDPSOHFDQUHDFK*3DUHVXOWHGFRQVLGHUDEO\UHGXFHGGXHWRWKHFRDWLQJVXEVWUDWHLQWHUIDFHXSWR
IHZ KXQGUHGV RI03D MXVW EHORZ WKH LQWHUIDFH'HVSLWH WKHPHDVXUHG LQFUHDVH RI WKH FRPSUHVVLYH VWUHVVHV DW WKH
VXEVWUDWHFRDWLQJ LQWHUIDFH FDXVHG E\ WKH WUHDWPHQW RI PLFUREODVWLQJ ZDV QRW QHJOLJLEOH DERXW *3D RI
FRPSUHVVLRQWKLVWUHDWPHQWLVQRWDEOHWRVLJQLILFDQWO\LQFUHDVHWKHGHSWKRIWKH]RQHZKHUHWKHUHVLGXDOVWUHVVGDWD
FKDQJH IURP FRPSUHVVLYH WR WHQVLOH FRQGLWLRQ DQG IRU VXFK D UHDVRQ D OLPLWHG LQFUHDVH LQ WKH IDWLJXH OLPLWZDV
PHDVXUHG
&RQFOXVLRQV
,QWKHSUHVHQWSDSHUWKHIDWLJXHEHKDYLRXURIDWRROVWHHOZDVFRQVLGHUHGDQGWKHHIIHFWRID39'&U1FRDWLQJRQ
WKHHQKDQFLQJRIWKHIDWLJXHOLPLWZDVVWXGLHG,QDGGLWLRQWKHHIIHFWRIDPLFUREODVWLQJWUHDWPHQWFDUULHGRXWDIWHU
WKHFRDWLQJGHSRVLWLRQZDVLQYHVWLJDWHG,QIDFWLWLVNQRZQWKDWVXFKDSURFHVVLVHIIHFWLYHLQUHPRYLQJGHIHFWVXFK
DVGURSOHWVIURPWKHFRDWLQJVXUIDFHEXWQRGDWDKDYHEHHQSXEOLVKHGRQWKHIDWLJXHEHKDYLRXURI39'FRDWHGSDUWV
XQGHUJRLQJPLFUREODVWLQJ
7KH H[SHULPHQWDO UHVXOWV VKRZHG WKDW WKH PLFUREODVWLQJ WUHDWPHQW RQO\ UHPRYHV VXUIDFH GHIHFWV OLNH ODUJH
GURSOHWVDQGGRHVQRWLQIOXHQFHHLWKHUWKHPHFKDQLFDOSURSHUWLHVRIWKHFRDWLQJRUWKHDGKHVLRQEHWZHHQWKHFRDWLQJ
DQGWKHVXEVWUDWH2QWKHFRQWUDU\VOLJKWO\ LQFUHDVHGURXJKQHVVYDOXHVLQ WHUPVRIERWK5DDQG5]ZHUHGHWHFWHG
7KLV FRQGLWLRQ GRHV QRW DIIHFW WKH IDWLJXH UHVLVWDQFH IRU WKH 39' FRDWHG WHVWHG VSHFLPHQV EHFDXVH RI WKH KLJK
FRPSUHVVLYH UHVLGXDO VWUHVV YDOXH GXH WR WKH FRDWLQJ GHSRVLWLRQ WKDW DOZD\V DVVXUHV QXFOHDWLRQ RI WKH IDWLJXH
IUDFWXUH LQ WKH VWHHOQH[W WR WKH LQWHUIDFHZLWK WKHFRDWLQJEXW VXUHO\QRW LQ WKHFRDWLQJ<HW WKHFRQGLWLRQFDQEH
FRQVLGHUHGGDQJHURXVEHFDXVHWKHERG\EHKDYLHVDVVWUHVVFRQFHQWUDWLRQSRLQWVZHUHSUHVHQW
7KHREWDLQHGUHVXOWVDOORZWRVWDWHWKDWWKHPLFUREODVWLQJWUHDWPHQWFDQEHXVHGIRUWKRVHFRPSRQHQWVWKDWPXVW
JXDUDQWHHDJRRGUHVLVWDQFHWRF\FOLFORDGVEHVLGHVDKLJKZHDUUHVLVWDQFH

5HIHUHQFHV

>@ /;LRQJ<+X-;X-0HQJ,RQLFERPEDUGPHQWRIVWDLQOHVVVWHHOE\QLWURJHQDQGQLFNHOLRQVLPPHUVLRQ7UDQV1RQIHUURXV0HW6RF
&KLQD
>@ 3$'HDUQOH\/RZIULFWLRQVXUIDFHVIRUSODVWLFLQMHFWLRQPRXOGLQJGLHVDQH[SHULPHQWDOFDVHVWXG\:HDU±±
>@ :+=KDQJ-++VLHK7ULERORJLFDOEHKDYLRURI7L1DQG&U1FRDWLQJVVOLGLQJDJDLQVWDQHSR[\PROGLQJFRPSRXQG6XUI&RDW7HFK

>@ -<&KDUPHDX0&KDLOO\9*LOEHUW<%pUHDX[,QIOXHQFHRIPRGVXUIDFHFRDWLQJVLQLQMHFWLRQPROGLQJ$SSOLFDWLRQWRWKHHMHFWLRQVWDJH
,QW-0DWHU)RUP±
>@ 0*HOIL*0/D9HFFKLD1/HFLV67URJOLR5HODWLRQVKLSEHWZHHQWKURXJKWKLFNQHVVUHVLGXDOVWUHVVRI&U139'FRDWLQJVDQGIDWLJXH
QXFOHDWLRQVLWHV6XUI&RDW7HFK±
>@ /0RQWHVDQR& 3HWURJDOOL$ 3ROD0*HOIL9 6LVWL*0/D9HFFKLD&RUURVLRQ DQGZHDU EHKDYLRU RI&$(GHSRVLWHG&U139'
FRDWLQJV.H\(QJ0DW
>@ & 3HWURJDOOL / 0RQWHVDQR 0 *HOIL * 0 /D 9HFFKLD / 6ROD]]L 7ULERORJLFDO DQG FRUURVLRQ EHKDYLRU RI &U1 FRDWLQJV 5ROHV RI
VXEVWUDWHDQGGHSRVLWLRQGHIHFWV6XUI&RDW7HFK
>@ 0<3&RVWD0/59HQGLWWL02+&LRIIL+-&9RRUZDOG9$*XLPDUDHV55XDV)DWLJXHEHKDYLRURI39'FRDWHG7L$O9
DOOR\,QW-)DWLJXH
>@ -$0 &DPDUJR +- &RUQHOLV02+ &LRIIL0 < 3 &RVWD &RDWLQJ UHVLGXDO VWUHVV HIIHFWV RQ IDWLJXH SHUIRUPDQFH RI 7
DOXPLQLXPDOOR\6XUI&RDW7HFK
>@&0=KDR<.*DR-*XR4:DQJ/&)X4;<DQJ,QYHVWLJDWLRQRQ5HVLGXDO6WUHVV,QGXFHGE\6KRW3HHQLQJ-0DW(QJDQG
3HU
161 C. Petrogalli et al. /  Procedia Engineering  109 ( 2015 )  154 – 161 
>@ </Y/4/HL/6XQ(IIHFWRIVKRWSHHQLQJRQWKHIDWLJXHUHVLVWDQFHRIODVHUVXUIDFHPHOWHG&U0Q7LVWHHOJHDU0DW6FL(QJ$

>@ .'%RX]DNLV).ORFNH*6NRUGDULV(%RX]DNLV6*HUDUGLV*.DWLUW]RJORX60DNULPDOODNLV,QIOXHQFHRIGU\PLFUREODVWLQJJUDLQ
TXDOLW\RQZHDUEHKDYLRXURI7L$O1FRDWHGWRROV:HDU±±
>@ ).ORFNH&*RUJHOV(%RX]DNLV$6WXFNHQEHUJ7RROOLIHLQFUHDVHRIFRDWHGFDUELGHWRROVE\PLFUREODVWLQJ3URG(QJLQHHU

>@ .ORFNH 7 6FKURHGHU ( %RX]DNLV $ .OHLQ0DQLSXODWLRQ RI FRDWLQJ DQG VXEVXUIDFH SURSHUWLHV LQ UHFRQGLWLRQLQJ RI:&±&R FDUELGH
FXWWLQJWRROV6XUI&RDW7HFK±±
>@ .'%RX]DNLV6*HUDUGLV*6NRUGDULV*.DWLUW]RJORX60DNULPDOODNLV).ORFNH(%RX]DNLV(IIHFWRIGU\PLFUREODVWLQJRQ39'
ILOPSURSHUWLHVFXWWLQJHGJHJHRPHWU\DQGWRROOLIHLQPLOOLQJ6XUI&RDW7HFK±
>@ '06DQGHUV$$QGHUV5HYLHZRIFDWKRGLFDUFGHSRVLWLRQWHFKQRORJ\DWWKHVWDUWRIWKHQHZPLOOHQQLXP6XUI&RDW7HFK

>@ /0RQWHVDQR$3ROD0*HOIL0%ULVRWWR/('HSHUR*0/D9HFFKLD(IIHFWRIPLFUREODVWLQJRQFDWKRGLFDUFHYDSRUDWLRQ&U1
FRDWLQJV6XUI(QJ
>@ &3HWURJDOOL0RGLILFDGHOOHVXSHUILFL/DVHUWH[WXULQJH39'&U1FRDWLQJVHIIHWWRGHOFDULFRHGHLGLIHWWLVXOODUHVLVWHQ]DDGXVXUDHIDWLFD
3K'7KHVLV8QLYHUVLW\RI%UHVFLD
>@ 97HL[HLUD0HFKDQLFDOLQWHJULW\LQ39'FRDWLQJVGXHWRWKHSUHVHQFHRIUHVLGXDOVWUHVVHV7KLQ6ROLG)LOPV
>@ 97HL[HLUD/$'REU]DVNL-0LNXD6WUXFWXUHDQGSURSHUWLHVRI39'DQG&9'FRDWHG$O27L&PL[HGR[LGHWRROFHUDPLFVIRUGU\RQ
KLJKVSHHGFXWWLQJSURFHVVHV-0DWHU3URFHVV7HFK
>@ )5/DPDVWUD)/HRQDUGL50RQWDQDUL)&DVDGHL79DOHQWH**XVPDQR;UD\UHVLGXDOVWUHVVDQDO\VLVRQ&U1&U&U1PXOWLOD\HU
39'FRDWLQJVGHSRVLWHGRQGLIIHUHQWVWHHOVXEVWUDWHV6XUI&RDW7HFK
>@ 1/HFLV*0/D9HFFKLD0%RQLDUGL )'¶(UULFR )DWLJXH EHKDYLRU RI GXSOH[WUHDWHG VDPSOHV FRDWHGZLWK&U&1 ILOP 6XUI&RDW
7HFK
>@ 6%DUDJHWWL0*HOIL*0/D9HFFKLD1/HFLV)DWLJXHUHVLVWDQFHRI&U1WKLQILOPVGHSRVLWHGE\DUFHYDSRUDWLRQSURFHVVRQ+WRRO
VWHHODQGGXSOH[VWDLQOHVVVWHHO)DWLJXH)UDFW(QJ0DWHU6WUXFW

